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Abstract
We have investigated the kinetics of the single-turnover reaction of fully reduced solubilised cytochrome c oxidase
(cytochrome aa3) from Rhodobacter sphaeroides with dioxygen using the flow-flash methodology and compared the results to
those obtained with the well-characterised bovine mitochondrial enzyme. The overall reaction sequence was the same in the
two enzymes, but the extents and rates of the electron-transfer reactions differed, implying differences in redox potentials,
and/or interaction energies between electrons and protons during oxygen reduction. As with the bovine enzyme, the R.
sphaeroides enzyme displayed two major kinetic phases of proton uptake with rate constants ofV5000 s31 andV500 s31 at
pH 7.9, concomitant with the peroxy to oxoferryl and oxoferryl to oxidised states. The net number of protons taken up in the
R. sphaeroides enzyme was about V1.9, which implies that upon reduction, the enzyme has to pick up V2.1 H from the
medium.
On the basis of the comparison of electron-transfer reactions in the two enzymes, we conclude that the transfer rate of the
fourth electron to the binuclear centre is not only determined by the electron-transfer rate from haem a to the binuclear
centre, but also by the electron equilibrium between CuA and haem a. In addition, in contrast to the bovine enzyme, where
the electron- and proton-transfer rates during oxidation of the fully reduced enzyme by O2 are all faster than the overall
turnover rate, in the R. sphaeroides enzyme, the slowest kinetic phase was rate limiting for the overall turnover. Moreover,
the comparison of the reactions in the two systems shows that in the R. sphaeroides enzyme, the electrons are more evenly
distributed among the redox centres during oxygen reduction. This enables investigations of effects also of minor
perturbations on, e.g., the electron-transfer characteristics in mutant enzymes, for which this study forms the basis. ß 1998
Elsevier Science B.V. All rights reserved.
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1. Introduction
Cytochrome c oxidase is a membrane bound pro-
tein which catalyses reduction of dioxygen to water
by cytochrome c. The energy released in this reaction
is conserved by build-up of a proton gradient across
the membrane, formed by (i) consumption of protons
speci¢cally on one side of the membrane (substrate
protons), and (ii) vectorial pumping of protons
across the membrane, driven by the electron current
through the protein [1,2]. The functionally most well-
characterised cytochrome c oxidase is the mitochon-
drial enzyme from bovine heart. It belongs to a large
group of structurally and functionally closely related
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haem-copper oxidases found both in eukaryotes and
prokaryotes [3,4]. The crystal structures of cyto-
chrome c oxidase from bovine heart [5,6] and from
Paracoccus denitri¢cans [7,8] have been determined
to atomic resolution. Another prokaryotic member
of the oxidase family is cytochrome c oxidase (cyto-
chrome aa3) from Rhodobacter sphaeroides. It con-
sists of three subunits; subunit I holds three redox-
active metal sites; haems a and a3 and CuB, and
subunit II holds a dinuclear CuA site.
During catalytic turnover, electrons from cyto-
chrome c are transferred ¢rst to CuA and then con-
secutively to haem a and to the binuclear centre con-
sisting of haem a3 and CuB, where O2 is reduced to
water [9,10]. Most of the partial reactions during O2
reduction are very rapid and cannot be resolved us-
ing conventional mixing techniques. To overcome
this limitation, one possibility is to use the so-called
£ow-£ash technique [11]. The fully reduced enzyme
with CO bound to haem a3 is mixed rapidly with an
O2-containing solution. The reaction is rate limited
by the CO dissociation, which in the dark in the
mitochondrial enzyme has a time constant of about
20 s. Consequently, if CO is £ashed o¡ within a short
time (I20 s) after mixing with O2, the reaction of
the fully reduced enzyme with O2 can be studied
time-resolved. This technique has been used exten-
sively to study the reaction mechanism of cyto-
chrome c oxidase from bovine heart [12]. In this
enzyme, after CO dissociation, O2 binds to haem a3
with a second-order rate constant ofV1W108 M31 s31
[13^15] forming the ferrous-oxy form [16]. This is
then followed by oxidation of haems a and a3 and
formation of the peroxy (P) intermediate at the bi-
nuclear centre [13,17^21]. This intermediate is prob-
ably protonated internally, i.e., there is a transfer of
a proton already present in the enzyme [22]. The
reaction is followed by formation of the oxoferryl
intermediate (F) [20,21,23], proton uptake from sol-
ution [24] and fractional electron transfer from CuA
to haem a, all with a time constant of about 100 Ws.
The last electron is transferred from the haem a/CuA
equilibrium to the binuclear centre forming the fully
oxidised enzyme with a time constant of about 1 ms
[13,17,25]. This reaction is accompanied by proton
uptake with the same time constant as the electron
transfer [24].
In this work we have investigated electron and
proton-transfer reactions during reaction of the fully
reduced R. sphaeroides oxidase with O2, and com-
pared these reactions to those in the bovine heart
enzyme. On the basis of the comparison of the indi-
vidual reaction steps in the two enzymes, we discuss
factors determining rates of internal electron transfer
during catalysis.
Based on the investigation of the kinetics of dioxy-
gen reduction in the two systems, we propose that
the transfer rate of the fourth electron to the binu-
clear centre in both oxidases is determined by both
the internal electron-transfer rate from haem a to the
binuclear centre and by the electron equilibrium be-
tween CuA and haem a (i.e., fraction reduced haem
a). In addition, we found that in the R. sphaeroides
enzyme the transfer of the fourth electron to the
binuclear centre is rate limiting for the overall turn-
over, in contrast to the situation with the bovine
heart enzyme, where turnover is limited by electron
input to the oxidised enzyme. Moreover, we found
that in the R. sphaeroides enzyme, the electrons are
more evenly distributed among the redox centres
during oxygen reduction, which allows investigations
also of minor e¡ects, e.g., of mutations of amino-
acid residues on the electron-transfer characteristics.
2. Materials and methods
2.1. Growth of bacteria and enzyme preparation
The R. sphaeroides bacteria were grown aerobi-
cally in a 20-l fermentor. The cells were harvested
and the enzyme puri¢ed as described by Mitchell
and Gennis [26]. After elution of the enzyme from
the Ni2-column, the bu¡er was exchanged to 0.1 M
Hepes^KOH (pH 7.4), 0.1% L-D-dodecyl maltoside,
and the enzyme was frozen in liquid nitrogen, in
which it was also stored until use. The bovine en-
zyme was prepared using the method of Brandt et
al. [27]. The enzyme was solubilised using Triton X-
100, followed by hydroxyapatite chromatography
and exchange of Triton X-100 for 2% (w/v) dodec-
yl-L-D-maltoside (Dojindo, Japan).
2.2. Catalytic turnover measurements
The catalytic activity of the enzymes were meas-
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ured as the rate of oxidation of horse heart cyto-
chrome c, studied optically at 550 nm. Horse heart
cytochrome c (type VI, Sigma) was reduced to more
than 95% by hydrogen gas using platinum black (Al-
drich, WI) as a catalyst [28] and stored in liquid
nitrogen until use.
2.3. Preparation of the fully reduced CO-bound
enzyme
The oxidised enzyme stock was diluted in 0.1%
dodecyl-L-D-maltoside and 0.1 M Hepes^KOH (pH
7.6) to a concentration of about 10 WM in a modi¢ed
cuvette, which was then evacuated on a vacuum line
and £ushed with N2. Sodium ascorbate at 2 mM and
5 WM PMS (phenazine methosulfate) were added and
the solution was kept overnight at 4‡C. After forma-
tion of the fully reduced enzyme, as veri¢ed by the
optical absorption spectrum, N2 was replaced by CO
at 105 Pa.
2.4. Flow-£ash experiments and data analysis
The £ow-£ash experiments were carried out using
a locally modi¢ed stopped-£ow apparatus (Applied
Photophysics, DX-17MV). The enzyme solution was
transferred anaerobically to one of the drive syringes
(with total volume of 500 Wl) and the other syringe
(with total volume of 2500 Wl) was ¢lled with a sol-
ution containing 0.1 M Hepes^KOH (pH 7.4^7.6),
and 0.05% dodecyl-L-D-maltoside equilibrated with
pure O2 atV105 Pa. The mixing ratio was 1:5. After
mixing, the enzyme and O2 concentrations were
2^5 WM and V1 mM, respectively (see ¢gure
legends). About 100 ms after mixing, the reaction
was initiated by dissociating CO with a 10 ns,
V100 mJ laser £ash at 532 nm (Nd-YAG laser
from Spectra Physics). With the measuring-light in-
tensity used in these experiments the CO-o¡ rate was
9 0.2 s31, i.e., 9 2% of the enzyme became oxidised
prior to the £ash. The output signal from the photo-
multiplier was fed into a current-to-voltage converter
(with a bandwidth of 3 MHz), a preampli¢er with a
variable RC ¢lter (Tektronix, model AM 502) and
were recorded using a digital transient recorder
(Nicolet, model 490). The stop-syringe switch was
connected to a delay circuit which triggered the laser.
The photomultiplier was protected from the laser
light using various interference ¢lters, depending on
wavelength. The cuvette path length was 1.00 cm.
Typically, 6W104 data points were collected and the
data set was then reduced to 500^1000 points by
averaging over a progressively increasing number of
points (logarithmic time scale). Rate constants were
determined using the global ¢tting program Pro-Ki-
neticist (Applied Photophysics).
2.5. Proton-uptake measurements
To remove bu¡er from the enzyme solution, it was
diluted and reconcentrated repetitively with 0.1 M
KCl and 0.1% dodecyl-L-D-maltoside at pH 7^7.5
using centricon-50 tubes (Amicon). Phenol red at a
concentration of 40 WM was added and the pH was
adjusted to about 7.8. The enzyme was reduced and
CO added as described above and the pH was read-
justed to 7.5, if necessary (as determined from the
optical absorption of the dye). The enzyme solution
was transferred anaerobically to the smaller syringe
of the stopped-£ow apparatus and the larger syringe
was ¢lled with an O2-saturated bu¡er-free solution
containing 0.1 M KCl, 0.05% dodecyl-L-D-maltoside,
supplemented with 40 WM phenol red at pH 7.8.
Care was exercised to avoid exposure to air CO2
during handling of the bu¡er-free samples. The pH
after mixing was determined from the absorbance at
560 nm immediately after mixing. The exhaust solu-
tion from the stopped-£ow apparatus was collected
in a N2-£ushed cuvette. The bu¡er capacity of the
solution was determined by repetitively adding 5.0 Wl
of 2.00 mM HCl to the collected exhaust solution
(V2.5 ml), and the resulting absorbance changes at
560 nm were recorded on a Cary 4 (Varian) spectro-
photometer. The average ratio of the change in ab-
sorbance to the change in proton concentration
(vA560/vH) was determined from 5^10 measure-
ments. The degree of proton uptake/release in the
kinetic experiments was determined from this ratio.
The pKa of phenol red was determined to be 7.8 by
spectrophotometric titration under the same condi-
tions as those used in this study. The amount of
reacting enzyme was calculated from the CO-dissoci-
ation absorbance change at 445 nm using an absorp-
tion coe⁄cient of 67 mM31 cm31 [29].
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3. Results
3.1. Electron transfer during reaction of the fully
reduced enzyme with O2
The CO-complex of cytochrome c oxidase was
mixed in a stopped-£ow apparatus with an O2-satu-
rated bu¡er solution (V1.2 mM O2) at a ratio of
1:5. About 100 ms after mixing, CO was £ashed
o¡ using a 10-ns laser £ash and the reaction with
O2 was monitored at a number of di¡erent wave-
lengths.
Fig. 1. Absorbance changes associated with the reaction of the fully reduced R. sphaeroides (R. s) and bovine cytochrome aa3 with O2
followed spectrophotometrically at 445 (A), 605 (B), 580 (C), and 830 nm (D). CO was £ashed o¡ at t = 0. Conditions after
mixing: 24‡C, 0.1 M Hepes (pH 7.6), 0.05% L-D-dodecyl maltoside, 1 mM O2. The cytochrome c oxidase concentrations were in the
range 2^5 WM. They are scaled to 1 WM reacting enzyme to simplify comparison between the graphs.
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Absorbance changes in the R. sphaeroides and bo-
vine enzymes at four di¡erent wavelengths (at pH
7.6) are shown in Fig. 1. The reaction rate constants
and amplitudes were determined from a global ¢t of
the model outlined in Eq. 11 with the data at about
10 di¡erent wavelengths in the range 580^620 nm:
Rÿ!k1 Aÿ!k2 Pÿ!k3 Fÿ!k4 O0 1
where states R, A, P, F and OP refer to the fully
reduced enzyme, the ferrous-oxy compound, the per-
oxy intermediate, the ferryl intermediate and the oxi-
dised enzyme (with two hydroxide ions at the binu-
clear centre), respectively (see Fig. 2), and k1^k4 are
rate constants of the reactions.
The initial, rapid change in absorbance at the time
of the £ash is due to dissociation of CO from haem
a3 (see initial increase in absorbance at 445 nm, Fig.
1A). It is followed by binding of O2 to haem a3 in
both enzymes with a rate constant of 1W105 s31 (at
1 mM O2) (RCA), as previously observed in the
bovine enzyme [13,14]. This phase is best seen as a
lag following the initial absorbance increase at 605
nm (Fig. 1B), and has also been observed clearly at
445 nm in the FQ(I-391) mutant of the R. sphaer-
oides enzyme, in which the subsequent phases are
obstructed [30] (see also Section 4). From measure-
ments at three di¡erent O2 concentrations a second-
order rate constant kon = 1.0 þ 0.2W108 M31 s31 was
obtained for O2 binding to the R. sphaeroides en-
zyme. The other rate constants in the model above
(Eq. 1) were found to be (Table 1): k2 = 1.8W104 s31
(3.9W104 s31), k3 = 0.74W104 s31 (1.4W104 s31) and
k3 = 0.75W103 s31 (1W103 s31), where the rate constants
in parentheses refer to the bovine enzyme.
The amplitudes of the kinetic phases as a function
of wavelength (kinetic di¡erence spectrum), in the
580^620 nm region are shown in Fig. 3. With the
bovine enzyme, also a slower, minor component
with a rate constant of 2.4W102 s31 was observed. It
displayed the same kinetic di¡erence spectrum as
that of the FCOP transition. Fig. 4 shows the con-
centration of the di¡erent intermediates in the two
enzymes (see Eq. 1) as a function of time.
A notable di¡erence between the kinetic di¡erence
spectra obtained with the two enzymes is that the
average contributions of the three kinetic phases
after the 1W105 s31 O2 binding are smaller in the R.
Fig. 2. A schematic diagram showing the reaction of the fully
reduced cytochrome aa3 with O2. Note that the true structures
of the oxygen intermediates may di¡er from those indicated in
the ¢gure (see text and Refs. [41,42]). Some of the rate con-
stants for the R. sphaeroides enzyme were derived from the
model in Eq. 1. Where applicable, numbers in parentheses refer
to the bovine enzyme. Only the net proton uptake is indicated.
Note that 6 1 H is taken up in each of the steps PCF,
FCOP and OPCO (see text). After oxidation of the metal sites,
two hydroxides are presumably bound at the binuclear centre
(state OP). One of these is released with a rate constant of
V100 s31 to yield the fully oxidised enzyme (state O) (c.f.
[34,35]).
1 This model comprises the smallest number of parameters
needed to ¢t the data.
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sphaeroides than in the bovine enzyme (see Section
4). The total sum of the spectral changes in the ki-
netic phases (an oxidised3reduced spectrum) is
shown in Fig. 3E, the slight red-shift for the R.
sphaeroides enzyme being consistent with earlier ob-
servations [3].
Note that at 445 nm, a wavelength at which the
reaction of the fully reduced enzyme with O2 is often
studied, the trace measured with the R. sphaeroides
enzyme could be well ¢tted with only two exponen-
tials with rate constants of about 4W104 s31 and 8W102
s31, respectively (see Fig. 1). The 0.74W104 s31 phase,
concomitant with the P to F transition, was not re-
solved at this wavelength (see below and Section 4).
This phase was, however, more clearly resolved in
the alpha region, e.g., at 580 nm where the ferryl
intermediate has its absorbance maximum and at
605 nm where redox changes in haem a dominate
(Fig. 1).
To investigate redox changes of CuA, the single-
turnover reaction was also studied at 830 nm, where
CuA has a large relative contribution (although the
haems also contribute signi¢cantly [31,32]). Two ma-
jor kinetic phases with rate constants of 0.74W104 s31
Fig. 3. Kinetic di¡erence spectra of the di¡erent reaction phases shown in Fig. 1 in the R. sphaeroides (R. s) and bovine enzymes in
the alpha region. The di¡erence spectra were determined from a global ¢t of the model in Eq. 1 to the kinetic traces at the di¡erent
wavelengths. Rate constants are given in Table 1. (A) The R to A conversion; (B) the A to P conversion; (C) the P to F conversion;
(D) the F to O conversion; (E) total O-minus-R spectrum. With the bovine enzyme, also a slower, minor component with a rate con-
stant of 2.4W102 s31 was observed. It displayed the same kinetic di¡erence spectrum as that of the FCO transition, and the O-minus-
F spectrum shown is the sum of the two components.
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and 0.75W103 s31 were observed (Fig. 1D). The rela-
tive contribution of the ¢rst phase was smaller in the
R. sphaeroides enzyme, which indicates that the ex-
tent of electron transfer from CuA to haem a during
the PCF transition (see Fig. 2) was smaller.
3.2. Proton uptake during reaction of the fully reduced
enzyme with O2
Proton uptake during O2 reduction was investi-
gated by monitoring absorbance changes of the
pH-sensitive dye phenol red at 560 nm. To correct
for the small residual enzyme absorbance changes at
this wavelength, the same experiment was also re-
peated after addition of bu¡er at the same pH as
that of the bu¡er-free solution. The di¡erence traces
are shown in Fig. 5. As in the bovine enzyme [22], in
the R. sphaeroides enzyme, two kinetic phases were
observed concomitant with the F and OP formations
with rate constants of 104 s31 and 103 s31, respec-
tively, corresponding to a proton uptake of 0.7 þ 0.1
and 0.8 þ 0.1 H/enzyme, respectively, i.e., slightly
larger than in the bovine enzyme (0.6 þ 0.1 and
0.7 þ 0.1 H/enzyme). The di¡erence in the rates in
Fig. 5 is mainly due to a small di¡erence in pH. Also
a slower, third phase of proton uptake was observed
in both the R. sphaeroides and bovine enzymes. In
both enzymes it had an extent corresponding to an
uptake of about 0.4 þ 0.1 H/enzyme and a rate con-
stant of 100^200 s31, i.e., slower than that of the
overall turnover rate (see Fig. 2 and Section 4).
This reaction is most likely associated with release
or protonation of a hydroxide ion formed during
Fig. 4. Concentration of reaction intermediates R, A, P, F and
OP (see Eq. 1) in the R. sphaeroides (A) and bovine (B) en-
zymes, respectively, as a function of time, using the rate con-
stants given in Table 1. Only one P intermediate is assumed for
simplicity (cf. PM and PR discussed in the text). Note that the
state (OP) is the oxidised enzyme with two hydroxides bound at
the binuclear centre (cf. Fig. 2).
Table 1
Rate constants of electron and proton transfer during reaction of the fully reduced R. sphaeroides and bovine enzymes with O2
i = Reaction R. sphaeroides Bovine
ki W1033 (s31)a RangeW1033 (s31) k
1
i W10
33 (s31) range1W1033 (s31)a
1 RCA 100b 100
2 ACP 18 16^22 39 34^40
3 PCF 7.4 6^9 14 12^15
4 FCOP 0.75 0.7^0.8 1.0 0.9^1.1
aThe S.D. (3 measurements) of the rate constants are about 10% of the given values. In addition, limits within which the rate con-
stants of a global ¢t (see text) could be changed without changing the quality of the ¢t (i.e., the ¢tted curve could be kept within the
limits of the electronic noise of the experimental curve) are given (‘range’). Note that the latter are not ‘errors’ in that they are not in-
dependent of each other.
bA second-order rate constant of 1.0 þ 0.2W108 M31 s31 was obtained from the O2-concentration dependence (see text). This rate
(1.0W105 s31 at 1 mM O2) was ¢xed when ¢tting the other rate constants.
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O2 reduction [19,23,33] (see also Refs. [34^36]). Dur-
ing turnover it is most likely accelerated by electron
transfer to the binuclear centre. As observed previ-
ously for the bovine enzyme [22] the proton uptake
phases are preceded by a lag phase (not shown),
which is consistent with the oxygen binding and per-
oxy intermediate formation not being coupled to any
proton uptake from the bulk solution.
Since a net of four protons are consumed during
reduction of O2 to H2O and a net of V1.9 protons
(including the contribution from the 100 s31 phase)
are taken up during oxidation of the fully reduced R.
sphaeroides enzyme, the enzyme must pick up V2.1
protons upon reduction. This is similar to the values
obtained earlier for the bovine enzyme, [24,37,38]
as well as the value (2.3 protons) obtained in this
study.
4. Discussion
4.1. First phase (RCA)
The kinetic phase associated with O2 binding was
clearly resolved in the alpha region, and the kinetic
di¡erence spectrum is very similar to that observed
with the bovine enzyme (Fig. 3A), although the bo-
vine-enzyme spectrum shown in Fig. 3A is somewhat
red-shifted compared to that obtained by Verkhov-
sky et al. [39]. In the FQ(I-391) mutant of the R.
sphaeroides enzyme in which the haem a-to-haem a3
electron transfer is slowed dramatically, formation of
the ferrous-oxy form (compound A) was clearly re-
solved also in the Soret region [30], where it dis-
played a kinetic di¡erence spectrum similar to that
reported for the bovine enzyme [14].
4.2. Second phase (ACP)
In the bovine enzyme, the second phase has been
attributed to formation of the peroxy (P) intermedi-
ate. In a major fraction of the enzyme, during for-
mation of P the electrons are taken from haems a
and a3, leaving CuB reduced [14,17,18,20,21] (de¢ned
as PR, [20]). During reaction of the so-called mixed-
valence enzyme (in which only haem a3/CuB are re-
duced) and O2, the PM state is formed [20,40] with a
rate of about 6W103 s31 [13,40]. In the model shown in
Fig. 2 the di¡erence between states PM and PR is
only the redox states of haem a and CuB. Recent
experimental data suggest that the structure of the
P intermediate may be di¡erent from that shown in
Fig. 2 [41,42]. However, a discussion of this structure
is outside the scope of the present study and would
not a¡ect the conclusions drawn from it.
As discussed above, when the fully reduced bovine
enzyme reacts with O2, states PR and PM are formed
at a ratio of 6:1 because formation of PR (k = 3.6W104
s31) competes with formation of PM (k = 6W103 s31)
(see Fig. 2). In the R. sphaeroides enzyme, the ampli-
tude of the kinetic phase associated with formation
of the P intermediate was smaller than in the bovine
enzyme (second phase, k = 1.8W104 s31). This is most
likely due to a di¡erent ratio for the two pathways of
electron transfer during P formation (see Fig. 2); the
rate of PR formation was about a factor of two slow-
er in the R. sphaeroides (1.8W104 s31) than in the
bovine enzyme (3.6W104 s31). This is consistent with
the slower intrinsic electron transfer from haem a to
haem a3 in the R. sphaeroides (1.2W105 s31) than in
the bovine enzyme (2.0W105 s31) [43] and the smaller
redox-potential di¡erence between the haems in the
R. sphaeroides (V10 mV) than in the bovine (V40
mV) enzymes ([43], see also [14]).
Fig. 5. Absorbance changes of the dye phenol red at 560 nm,
associated with proton uptake at pH V7.8 in the R. sphaer-
oides (R. s) and bovine enzymes. The traces shown are the dif-
ferences of the traces obtained in non-bu¡ered and bu¡ered sol-
utions. Experimental conditions after mixing: 24‡C, 0.1 M KCl
(0.1 M Hepes) (pH V7.8), 0.05% L-D-dodecyl maltoside, 40
WM phenol red, 1 WM reacting enzyme, 1 mM O2.
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4.3. Third phase (PCF)
The third phase had rate constants of 0.74W104 s31
and 1.4W104 s31 in the R. sphaeroides and bovine en-
zymes, respectively. The amplitude of the absorbance
changes of this phase in the Soret and alpha regions
were smaller in the R. sphaeroides than in the bovine
enzyme. In the bovine enzyme this reaction phase is
associated with formation of the ferryl (F) intermedi-
ate at the binuclear centre, accompanied by electron
transfer from CuA to haem a. The main contribution
to the absorbance changes is from the latter, i.e., re-
reduction of haem a (see Fig. 2). The smaller (ob-
served) extent of haem a reduction during the
0.74W104 s31 phase in the R. sphaeroides enzyme
may be a direct consequence of the smaller extent
of oxidation in the previous phase (see above). If
oxidation of haem a during the previous, 1.8W104
s31 phase (ACP) is incomplete, in the enzyme frac-
tion with reduced haem a (PM), the electron from
haem a is transferred to the binuclear centre during
formation of F (the 0.74W104 s31 phase) at the same
time as an electron is transferred from CuA to haem
a (see Fig. 2). This would give rise to a smaller ap-
parent haem a-reduction absorbance change.
Assuming that 100% of the F intermediate is
formed at the binuclear centre in both enzymes2,
the degree of net haem a re-reduction is approxi-
mately 100% in the bovine and 60% in the R. sphaer-
oides enzyme, using the absorption coe⁄cients given
in Refs. [29] and [44].
In both enzymes the two major kinetic compo-
nents at 830 nm, where CuA has its absorbance max-
imum, had the same rates as those of the PCF and
FCOP, transitions, respectively. However, the rela-
tive contributions of the two phases were di¡erent,
with a smaller contribution during the PCF transi-
tion in the R. sphaeroides enzyme (Fig. 1), indicating
that there is less electron transfer from CuA to haem
a during this phase.
The electron transfer from CuA to haem a has
been shown to be triggered by the proton uptake
accompanying the PCF formation [32,45], and it
was proposed to be controlled by electrostatic
interactions between the proton and haem a
[32,46,47].
In the bovine enzyme, the proton^haem a interac-
tions are also consistent with the uptake of 0.4 H
upon reduction of haem a [37]. In the R. sphaeroides
enzyme the extent of proton uptake during the PCF
transition is slightly larger than in the bovine en-
zyme. Thus, the smaller extent of electron transfer
in the R. sphaeroides than in the bovine enzyme
must be either due to a smaller driving force for
the electron transfer and/or weaker electrostatic pro-
ton^electron interactions in the R. sphaeroides than
in the bovine enzyme. The latter is consistent with
the signi¢cantly smaller pH dependence of electron
transfer from haem a to the binuclear centre during
reduction of the oxidised enzyme (Aº delroth et al.,
unpublished data) and with the smaller proton up-
take during enzyme reduction (see Section 3).
4.4. Fourth phase (FCOP)
The transfer of the fourth electron to the binuclear
centre is the slowest partial reaction observed during
O2 reduction. In the bovine enzyme it is faster than
the overall turnover rate, and it has therefore been
suggested that the overall turnover is limited by elec-
tron input into the enzyme [48]. In the R. sphaeroides
enzyme the rate of the fourth electron transfer to the
binuclear centre at pH 7.4 (7.5W102 s31) was about the
same as (or even slower than) the overall turnover
rate of the same preparation under identical condi-
tions. This indicates that the FCOP transition is rate
limiting for the overall turnover rate of the R.
sphaeroides cytochrome c oxidase.
The rate of the fourth reaction phase was slower in
the R. sphaeroides than in the bovine enzyme. Since
this electron is transferred to the binuclear centre
through haem a, the di¡erence in rates is consistent
with the di¡erence in the degrees of haem a reduction
before the electron transfer. In other words, the
results are consistent with the rate of the fourth
reaction phase being determined by the fraction
reduced haem a after the preceding phase (PCF)
times the electron-transfer rate from haem a to
haem a3 :
Cu3Aaa3 CuAa
3a3ÿ!k4ET CuAaa33 2
2 Note that the absorbance changes associated with the PCF
transition and haem a re-reduction have opposite signs at
605 nm.
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A minus-sign denotes a reduced site (CuB is omitted
for simplicity).
This model is consistent with recent studies of the
R. sphaeroides ML(II-263) mutant enzyme. In this
enzyme, the fourth electron remained at CuA during
the PCF transition (because of an increased redox
potential) and the electron-transfer rate to the binu-
clear centre during the FCOP transition was slowed
by two orders of magnitude [45].
The transfer rate of the fourth electron from haem
a to the binuclear centre (k4ET in Eq. 2) is most likely
determined by other factors than the electron trans-
fer itself. These may include proton uptake or struc-
tural changes at the binuclear centre. During this
transition, both pumped and substrate protons are
taken up through the pathway including the residues
Asp (132) and Glu (286) in subunit I (D-pathway)
[32,35,49]. This proton uptake most likely regulates
the rate of the FCOP transition.
5. Conclusions
In contrast to the bovine enzyme, in the R. sphaer-
oides enzyme the slowest kinetic phase (FCOP) dur-
ing the single-turnover reaction of the fully reduced
enzyme with O2 most likely limits the overall enzyme
turnover rate. This observation is important in mech-
anistic discussions associated with investigations of
the e¡ects of site-directed mutations as well as exter-
nal perturbations which result in changes of the dy-
namics of single electron- and proton-transfer reac-
tions. In addition, on the basis of a comparison of
the two oxidases, we conclude that the transfer rate
of the fourth electron to the binuclear centre is partly
determined by the electron equilibrium between CuA
and haem a.
Earlier studies of the reaction of the bovine re-
duced enzyme with O2 have shown that in each
step of the reaction, one electron is transferred
from one redox centre to another (cf. the relatively
large absorbance changes in Fig. 3B^D). The present
study shows that in the R. sphaeroides enzyme the
electrons are more evenly distributed among the re-
dox centres, which facilitates investigation of e¡ects
also of minor perturbations of electron transfer dur-
ing catalysis. Thus, the R. sphaeroides cytochrome c
oxidase is an ideal system for mutant-enzyme inves-
tigations, for which this characterisation forms the
basis.
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